HIV-1 envelope spike (Env) is a heavily glycosylated, type I membrane protein that mediates fusion of viral and cell membranes to initiate infection. It is also a primary target of neutralizing antibodies and thus an important candidate for vaccine development. We have recently reported a nuclear magnetic resonance structure of the transmembrane (TM) domain of HIV-1 Env reconstituted in a membrane-like environment. Taking HIV-1 as an example, we discuss here how a TM domain can anchor, stabilize, and modulate a viral envelope spike and how its high-resolution structure can contribute to understanding viral membrane fusion and to immunogen design.
Introduction
HIV-1 envelope spike [Env; trimeric (gp160) 3 , cleaved to (gp120/gp41) 3 ] is a type I membrane protein that fuses viral and host cell membranes to initiate viral infection [1] . Sequential binding of gp120 to receptor (CD4) and coreceptor (e.g., CCR5 or CXCR4) triggers large conformational changes in both gp120 and gp41, leading to fusion and viral entry [2] [3] [4] . The mature and functional Env spikes, (gp120/gp41) 3 , are the sole antigens on the virion surface and thus the sole candidates for B cell-based vaccine development [5, 6] . The native prefusion conformation of HIV-1 Env is recognized by most broadly neutralizing antibodies (bnAbs) [7] [8] [9] , and it is generally believed to have the potential for inducing such antibody responses. Thus, production of a recombinant form that closely resembles the conformation of Env spikes on the surface of virions is an important objective in immunogen design.
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Gp140, the uncleaved ectodomain of (gp160) 3 with both the transmembrane segment (TM) and the cytoplasmic tail (CT) truncated, has often been considered as a likely surrogate for the native Env spike. Most HIV-1 gp140 preparations, however, are unstable and conformationally heterogeneous [10] . We have previously screened many HIV-1 primary isolates and identified two (clade A 92UG037.8 and clade C C97ZA012) that yield stable and homogeneous gp140 trimers when produced recombinantly in human cells [11, 12] . Other strategies to produce stable soluble Env trimers include the 'SOSIP' modifications, which require an added disulfide bond between gp120 and gp41, an Ile-to-Pro mutation in gp41, and deletion of the membrane proximal external region (MPER) [9, 13] . While these approaches have yielded some useful Env trimer immunogens [8, 14, 15] , they cannot explain why most soluble HIV-1 Env trimers are unstable. Moreover, we have shown recently that truncation of the CT in the context of the full-length Envs has an unexpectedly large impact on the antigenic structure of the ectodomain [7] . These data suggest that the transmembrane domain (TMD), the only direct link between the CT and the ectodomain, may have a greater role in stabilizing the entire Env and in maintaining its native antigenic structure than previously recognized.
As a type I membrane protein, HIV-1 Env has a single TM segment with a GxxxG motif, implicated in oligomeric assembly of TM helices [16] , and a conserved, positively charged residue (usually arginine). The TM is also more conserved than a typical transmembrane anchor, suggesting it may have functions other than just spanning a lipid bilayer. Indeed, TM helices of many cell surface receptors are not merely inert anchors but play essential roles in receptor assembly and signal transmission. Examples include EGFR, integrins, and Fas receptor [17] [18] [19] [20] , for which association of TM helices correlates the conformation of the extracellular domain with the conformations of the membrane proximal regions and the cytoplasmic signaling motifs. A similar mechanism could also underlie our observation that CT truncation affects the antigenic surface of the ectodomain of HIV-1 Env on the opposite side of the membrane [7] .
Structure of the transmembrane domain of HIV-1 Env
To understand the physical coupling (conformation and/or dynamics) between the CT and the ectodomain, we have determined a structure of the TMD of HIV-1 Env (residues 677-716), reconstituted in bicelles, by nuclear magnetic resonance (NMR [21] ; Fig. 1 ). The TMD is a well-structured trimer. It shows two unusual features not seen with other known oligomeric transmembrane helices (TMHs). The first is that there is an arginine (R696) near the middle of each of the TMHs, suggesting three unbalanced charges in the hydrophobic core of the membrane if the Arg remains protonated. In our NMR structure, the tips of the long side chains of these arginines are facing lipids, and each of them is surrounded by three hydrophobic residues (L692 and L695 from the same TMH and I697 from the neighboring TMH). A precise physical basis for the stability of R696 in the highly hydrophobic environment remains unclear, but the underlying mechanism must tolerate a Lys residue, which is present in some viral isolates at this position. In our nuclear Overhauser enhancement (NOE) experiment for arginines, the R696 epsilon protons showed clear water NOE even with a short NOE mixing time of 60 ms, indicating bound water molecule(s) at this Arg position. While a high-resolution crystal structure would Fig. 1 . Structure of the HIV-1 Env TMD trimer in bicelles. The protein construct used for structure determination is a fragment of gp41 (residues 677-716), derived from a clade D HIV-1 isolate 92UG024.2. The bicelles are formed with 1,2-Dimyristoylsn-Glycero-3-Phosphocholine (DMPC) and 1,2-Dihexanoyl-sn-Glycero-3-Phosphocholine (DHPC) at a molar ratio of 0.5. The approximate placement of the trimer structure in the presumed DMPC bilayer, which is slightly thinner than the characterized thickness of DOPC bilayer [35] , was based on the solvent paramagnetic relaxation enhancement of the four arginines (R683, R696, R707, and R709) [21] . Three chains of the TMD trimer are shown in green, yellow, or magenta. Selected residues of the chain in purple are labeled.
be needed to reveal atomic details of the structured water molecule(s) in the surrounding region, we speculate that the charge of R696 can be partially stabilized by the water dipole moments.
The TMD trimer structure is obviously necessary for protecting R696 in the middle of the hydrocarbon core of lipid bilayer. A positively charged Arg or Lys in the TM segment of viral fusion protein is present in some related enveloped viruses, including simian immunodeficiency virus, caprine arthritis and encephalitis virus, equine infectious anemia virus, visna virus, and foamy virus, as well as in hepatitis C virus [22] [23] [24] [25] [26] [27] , but absent in many others. It is therefore not a prerequisite for viral membrane fusion in general [28] . Our functional studies indicate that the R696A mutant of HIV-1 Env showed some defect in cell-cell fusion, but it could be fully compensated by high Env expression [21] . Moreover, this mutant has wild-type viral infectivity. In vitro infectivity and cell-cell fusion do not, however, mimic all the conditions under which the virus moves from one cell to another in an infected individual, nor are those assays particularly sensitive to physiologically relevant kinetic parameters. We note that R696 occupies a 'd' position in the coiled coil, with its C b facing inwards toward the trimer interface, unlike its configuration in previously proposed models [29, 30] . Its interactions in the trimeric coiled coil are probably those of optimal stability, once having paid the energetic cost of burying its charge. Thus, R696 would contribute to the kinetic barrier for any rearrangement and to restoration of the trimeric structure after any perturbation. One such rearrangement indeed occurs during membrane fusion, when the TMD trimer must break and reform [3, 31] , but a more sensitive fusion assay would be needed to test whether R696 contributes to fusion kinetics. The second unusual feature is that the TMD trimer appears to be stabilized by two separate packing modes. The N-terminal half encompassing the GxxxG motif forms a coiled-coil trimer, whereas the C-terminal half is held together by a network of polar contacts, which we named the hydrophilic core. For the N-terminal coiled coil, a helical wheel representation of the trimer clearly indicates packing of hydrophobic residues such as Ile and Val at the 'a' and 'd' positions of the heptad motif, forming a hydrophobic core [21] . The GxxxG is a well-known motif that drives TMH dimerization [32] [33] [34] . In the classic example of the glycophorin A TMD dimer structure, the two glycines of one TMH allow close packing with the GxxxG face of another TMH, resulting in a very strong TMH dimeric complex [32, 34] . There has been no previous report, however, of GxxxG involvement in TMH trimerization.
In the coiled-coil region of the HIV-1 Env TMD, only G690 is involved in the trimer assembly, i.e., its small side chain allows a close VDW contact with V689 of the adjacent TMH. The other glycine, G694, is on the periphery of the trimer facing outwards and its mutation to alanine or valine has essentially no effect on TMD trimerization or Env functions [21] . Therefore, the key difference in the structural role of the GxxxG motif between the glycophorin A TMD dimer and HIV-1 Env TMD trimer is that both the glycines are required for forming intermonomer contacts in the dimer, while only one glycine is important for the trimeric assembly.
Transmembrane segments of many viral fusion proteins contain a GxxxG motif or 'SmallxxxSmall' motifs ('Small' refers to residues with a small side chain, such as, glycine, alanine, serine, or cysteine) [35] [36] [37] , suggesting that oligomerization of their TMDs may be a common property. For example, recent biochemical evidence has shown that the TMDs of hepatitis C virus envelope glycoproteins E1 and E2 form stable dimers or trimers that are also resistant to SDS [36] . No high-resolution structure of any TMD oligomer from other viral fusion proteins has been reported, due to technical challenges for structural studies of such constructs in the context of lipid bilayer. Our NMR structure of the HIV-1 Env TMD may provide some clues for how other viral fusion proteins oligomerize.
Less obvious is the physical basis of the hydrophilic core formation. Our current hypothesis is that intermonomer polar contacts among S703, N706, R707, and Q710 in the otherwise lipophilic environment are energetically favorable, which can enforce trimerization. Nevertheless, our mutational studies show that the TMD trimer cannot be disrupted by simple mutations in the trimer interface. Both the coiled coil and the hydrophilic core are the structural determinants critical for stabilizing the TMD trimer. Major changes in both of them together are necessary to disrupt the trimer structure.
Conformational dynamics of the HIV-1 Env TMD
Although the HIV-1 Env TMD is a strongly associated trimer in bicelles, the NMR data suggest internal dynamics as indicated by the variation in the amide proton resonance linewidth across the TMD structure. In particular, the N-terminal half preceding the intramembrane arginine (R696) showed significantly more line broadening due to chemical exchange than the C-terminal half, suggesting that the N-terminal half is structurally less stable. One plausible cause is that the truncated MPER on the N-terminal side might contribute to stabilizing the TM coiled-coil region. The more homogeneous linewidth of the C-terminal hydrophilic core suggests a more stable assembly, which is consistent with the results of mutational studies, showing that the hydrophilic core plays a more important role in TMD trimerization than does the coiled-coil region [21] . Furthermore, this result also agrees with our previous observation that deletions in the Env CT, which is directly linked to the hydrophilic core of the TMD, can alter the antigenic structure of the ectodomain, probably by weakening the TMD trimerization.
Homology models of the Env TMDs of HIV-2 and SIV
The sequences of Env TMDs of closely related HIV-2 and simian immunodeficiency virus (SIV) are quite different from that of HIV-1 ( Fig. 2A) . The sequence identity is~45% between HIV-1 and HIV-2, and 77% between HIV-1 and SIV (calculated with the consensus sequences of HIV-1, HIV-2, and SIV Env TMDs using CLUSTAL 2.1 [38] ). To determine whether our trimer structure of HIV-1 Env TMD is compatible with HIV-2 and SIV sequences, we have generated homology models of HIV-2 and SIV TMDs, based on the sequence alignment using the SWISS-MODEL server [39] . In Fig. 2B , the models are compared in the context of the three defining features of the TMD structure: the N-terminal coiled coil, the intramembrane arginine, and the C-terminal hydrophilic core. The key residues in and around these three structural regions are very similar among the three types, with SIV more similar to HIV-1 than to HIV-2. For the SIV TMD, the relevant residues (labeled) in the three regions are identical to those of HIV-1. In the case of the HIV-2 TMD, G690 in the coiled coil is replaced with other residues, such as Val or Leu, which may reduce the trimer stability in this region assuming that the trimer assembly remains the same as that of the HIV-1 TMD. Additionally, in the C-terminal hydrophilic core, Q710 is replaced by Lys, which maintains the hydrophilicity but might introduce a destabilizing factor due to charge repulsion. Overall, these homology models suggest that the SIV and HIV-2 Env TMDs can indeed adopt the observed trimer structure of the HIV-1 Env TMD. 
Implications for immunogen design
To test whether the Env TMD can modulate the antigenic structure of the ectodomain and whether mutations in the TMD can affect antibody sensitivity of the functional Env spike, we used a cell-cell fusion assay and a pseudovirus-based neutralization assay to measure inhibition, by monoclonal antibodies, of fulllength Env variants containing mutations in the TMD [21] . We analyzed one such mutant, named 704-713, in which we had mutated an entire stretch of residues in the hydrophilic core to either serine or alanine (except for a glycine), against a panel of both neutralizing and non-neutralizing antibodies. For cell-cell fusion, the wild-type Env is sensitive to trimer-specific bnAbs and resistant to non-neutralizing antibodies, as expected. The antibody inhibition pattern is reversed, however, for the fully functional mutant 704-713, which becomes sensitive to the non-neutralizing antibodies, but resistant to the potent bnAbs. Similar results were obtained with the pseudovirus neutralization assay, indicating that the hydrophilic core of the TMD plays an important role in stabilizing and modulating the antigenic structure of Env.
These findings are highly relevant to vaccine development as they can guide Env-based immunogen design. Our data show that mutations that destabilize the hydrophilic core of the TMD trimer resemble the CT deletion in altering the sensitivity of the functional Env to both non-neutralizing and trimer-specific neutralizing antibodies. The trimer-specific bnAbs, which recognize the native conformation of Env [9, 40] , fail to neutralize the virus when the TMD of the Env spike is destabilized. Thus, the TMD trimer structure seen by NMR probably represents the conformation of the TMD present in a native Env spike in a membrane. The observation that the TMD is a structural component critical for the stability of the functional Env spike provides a reasonable explanation for why most recombinant soluble Env preparations with the TMD deleted are unstable and conformationally heterogeneous. To design immunogens to better mimic the native and functional viral spikes on the surface of virion, we need to consider structural constraints imposed by the TMD on the ectodomain. To produce soluble Env immunogens in quantities suitable for clinical studies, future work will require clever protein engineering to solubilize the TMD by mutating surfaceexposed, lipid-interacting hydrophobic residues while maintaining its trimeric structure. The high-resolution structure of the HIV-1 Env TMD trimer can be a valuable guide toward next-generation Env immunogens for inducing effective antibody responses.
